The maintenance of genome stability is critical for the suppression of diverse human pathologies that include developmental disorders, premature aging, infertility and predisposition to cancer. The DNA damage response (DDR) orchestrates the appropriate cellular responses following the detection of lesions to prevent genomic instability. The MRE11 complex is a sensor of DNA double strand breaks (DSBs) and plays key roles in multiple aspects of the DDR, including DNA end resection that is critical for signaling and DNA repair. The MRE11 complex has been shown to function both upstream and in concert with the 5 -3 exonuclease EXO1 in DNA resection, but it remains unclear to what extent EXO1 influences DSB responses independently of the MRE11 complex. Here we examine the genetic relationship of the MRE11 complex and EXO1 during mammalian development and in response to DNA damage. Deletion of Exo1 in mice expressing a hypomorphic allele of Nbs1 leads to severe developmental impairment, embryonic death and chromosomal instability. While EXO1 plays a minimal role in normal cells, its loss strongly influences DNA replication, DNA repair, checkpoint signaling and damage sensitivity in NBS1 hypomorphic cells. Collectively, our results establish a key role for EXO1 in modulating the severity of hypomorphic MRE11 complex mutations.
INTRODUCTION
The maintenance of genomic integrity is critical for development, homeostasis and the suppression of disease (1) . DNA lesions are recognized by sensor proteins that activate a DNA damage response (DDR) that includes cell cycle checkpoint activation, modulation of transcription and translation, recruitment or exclusion of DNA repair factors and in some contexts, the activation of apoptosis or senescence programs. DNA double-strand breaks (DSBs) are considered among the most cytotoxic lesions and can give rise to chromosomal rearrangements if not properly metabolized (2) . Many genes encoding key players in the DDR to DSBs are mutated in human disorders characterized by genomic instability and DSB sensitivity at the cellular level, and developmental defects in the brain, immune system and germline, as well as increased predisposition to cancer, at the organismal level (1, 3) . These include the clinically similar Ataxia telangiectasia (AT), AT like disease (ATLD), Nijmegen Breakage Syndrome (NBS) and NBS like disorder (NBSLD), caused by mutations in the ATM, MRE11, NBS1 and RAD50 genes respectively (4) (5) (6) .
MRE11, RAD50 and NBS1 together form a highly conserved holocomplex, referred to as the MRE11 complex or MRN, that acts as a DSB sensor and plays multiple enzymatic and structural roles in the DDR and DSB repair (4, 6, 7) . MRE11 harbors intrinsic endonuclease and 3 -5 exonuclease activities involved in DNA end modification and the removal of covalent protein adducts that are regulated by the ATPase activity of RAD50, as well as interactions with NBS1 and CtIP, that may also be an endonuclease (6, (8) (9) (10) (11) (12) (13) . NBS1 promotes the nuclear localization of the MRE11 complex and its accumulation at sites of DNA damage, which requires the N-terminal Forkhead Associated (FHA) and tandem BRCA1 C-terminal (BRCT) domains of NBS1 that function as phosphopeptide recognition modules (4, 6, 7) . The detection of DSBs by the MRE11 complex leads the activation of the Ataxia-telangiectasia mutated (ATM) kinase and Rad3 related (ATR) kinases that together target over 1000 potential substrates (14) (15) (16) (17) (18) . The MRE11 complex subsequently regulates the ability of ATM to phosphorylate a subset of its targets, including the checkpoint kinase CHK2, that acts in cooperation with ATM to trigger apoptosis (19) (20) (21) (22) . In response to DSBs, the activation of ATR is temporally distinct from that of ATM and requires nuclease-mediated DNA end resection to generate 3 ssDNA tails, while in response to other types of replicative lesions, the MRE11 complex can promote ATR activation through the recruitment of its activator TOPBP1 (23) (24) (25) (26) . ATR is crucial for the activation of the checkpoint kinase CHK1 that influences cell cycle checkpoint responses in S and G2 phase and regulates additional aspects of the DDR, particularly in response to replication stress (27, 28) .
The MRE11 complex regulates DSB repair pathway choice through its nuclease activities and roles in DNA end resection (29, 30) . Non-homologous end-joining (NHEJ), which requires ligateable ends, is inhibited by resection, while homologous recombination (HR) requires end resection to generate strand invasion intermediates. The initiation of DNA resection requires the endonuclease activity of MRE11 and is promoted by CtIP (8, 11, (30) (31) (32) . Based on extensive genetic analyses and separation of function mutations in yeast, it has been proposed that resection takes place bidirectionally with the 3 -5 activity of MRE11 resecting towards the end and more extensive 5 -3 resection, involving primarily the 5 -3 exonuclease EXO1 or the exo/endonuclease and helicase DNA2, taking place away from the end (31, (33) (34) (35) . Important roles for the BLM and WRN helicases, as well as the ssDNA binding RPA and SOSS1 complexes, in extensive resection have also been described (33, 34, (36) (37) (38) (39) . HR is critical for the progression of DNA replication, as well as the restart of stalled replication forks, and both the MRE11 complex and EXO1 localize to the replication fork, suppress replication associated chromosome lesions and influence fork integrity and restart (4, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) .
Deletion of any MRE11 complex members is embryonic lethal and available data suggests that its role in HR may underlie this requirement (4, 6, 7, 52) . EXO1 has also been demonstrated to promote HR and additionally functions in the mismatch repair (MMR) pathway, interacting physically with key MMR pathway components MLH1, MSH2 and MSH3 (50, 53, 54) . However, in contrast to the MRE11 complex components, deletion of EXO1 in mice is viable, although animals exhibit MMR defects, apoptosis defects, sterility due to impaired meiotic recombination and elevated tumor predisposition (53, 55, 56) . The MRE11 complex has been proposed to function both upstream and in tandem with EXO1 during the resection of DSBs (30, (33) (34) (35) , however, deficiency in Mre11 complex members results in strong synthetic phenotypes in Exo1 deficient backgrounds in yeast that are genetically distinct from defects in MMR (57) (58) (59) . Loss of function studies using siRNA in human cells have generated some conflicting evidence regarding the extent of EXO1's role and dependency on the MRE11 complex for DSB resection and signaling responses. In some cases, depletion of EXO1 has been reported to have mild effects on signaling, repair and sensitivity to damage (60) (61) (62) (63) (64) , while in others, its depletion has been shown to cause a major effect on DNA repair pathway choice, HR proficiency, sensitivity to IR and camptothecin (CPT) and chromosome integrity (65, 66) . In addition, the relative roles of the mammalian MRE11 complex and EXO1 in the DSB response and at replication forks remain largely unexplored.
In order to address their genetic and functional relationships, we have examined the interplay between a hypomorphic mutant allele (Nbs1 ΔB ) of the MRE11 complex member NBS1 and an Exo1 null allele during development and in response to diverse DNA lesions at the cellular level. Here, we present evidence that EXO1 deficiency alone causes mild defects in DSB signaling but plays a major role in DSB responses and DNA replication in cells and mice with impaired MRE11 complex function.
MATERIALS AND METHODS

Animal generation and husbandry
The generation of Nbs1 ΔB and Exo1 − animals was previously described (55, 67) . Nbs1 ΔB mice were a kind gift from John H.J. Petrini. Animals were genotyped by PCR, details available upon request. All animals were maintained in strict accordance with the European Community (86/609/EEC) guidelines at the animal facilities in the Barcelona Science Park (PCB). The animal protocols (CEAA13/0008) were approved by the Animal Care and Use Committee of the PCB (IACUC; CEEA-PCB) in accordance with applicable legislation (Law 5/1995/GC; Order 214/1997/GC; Law 1201/2005/SG). All efforts were made to minimize use and suffering.
Generation and characterization of mouse embryonic fibroblasts (MEFs)
MEFs were isolated from E14.5 embryos as previously described and transformed by transfection with a linearized, origin-less SV40 genome (MEF2 reagent Amaxa Nucleofector; Lonza) (68) . Cells were grown routinely in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%-15% FBS (Hyclone), 2mM Glutamax (Gibco) and 100u/ml penicillin-streptomycin (Gibco). For measurement of growth, MEFs were seeded every three days at the density of 3 × 10 5 cells per 6-cm plate. The total number of cells was counted at each passage and cumulative cell numbers plotted. For DNA content assessment, cells were resuspended in 300l PBS containing 25g/ml propidium iodide (PI) and 0.1mg/ml RNaseA and analysed with FlowJo software following flow cytometry. DNA synthesis rates were assessed by BrdU incorporation and flow cytometry using the BD Pharmingen FITC BrdU Flow Kit (BD Biosciences). The percentage of BrdU positive cells was determined with FlowJo software. The G2/M checkpoint was analyzed by determining the mitotic index before and after treatment using histone H3 phosphorylated on serine 10 (H3S10) as a marker. Briefly, cells were fixed in 70% EtOH, washed and incubated with primary antibody for H3S10 (Millipore), stained with secondary antibody conjugated to FITC and analyzed by flow cytometry. A mitotic ratio (%mitotic cells post mock or IR treatment/%mitotic cells untreated) is presented. For the clonogenic survival assay, transformed MEFs were seeded and treated with the indicated doses of IR, UVC, cisplatin (Ferrer Farma) or Nucleic Acids Research, 2015, Vol. 43, No. 15 7373 CPT (Sigma). 12 days later, colonies were stained with crystal violet and manually counted. Results were normalized for plating efficiencies. For IR and UVC treatments, an Xray cabinet (Maxishot.200, Krautkramer Forster) or UVC crosslinking oven (Stratalinker, Stratagene) was used.
Metaphase spread preparations
Cells were seeded at the density of 10 6 cells per 10-cm plate and the next day colcemid was added to a final concentration of 0.1g/ml for 30 minutes (transformed MEFs) to 120 min (primary MEFs). MEFs were trypsinized, hypotonically swollen in 0.075 M KCl for 20 min at 37
• C, fixed (75% MeOH and 25% acetic acid, ice cold) and washed several times in fixative. Metaphase preparations were spread on glass slides, steam treated using an 80
• C water bath for 3-5 s, heat dried and stained with 5% Giemsa solution (Sigma) and mounted with DPX mounting medium (Panreac). Metaphases were examined and images were taken using a Leica DM6000 microscope with transmitted light illumination. Images were analyzed using Fiji software to quantify the number of metaphases.
Senescence-associated (SA) ␤-galactosidase staining
Primary MEFs were seeded at the density of 70 000 cells per 3.5-cm plate. Senescent cells were stained using the Senescence ␤-Galactosidase Staining Kit (Cell Signalling). Five representative images were taken from diverse areas of the plate, using Nikon TE200 inverted microscope with phase contrast illumination. Images were analyzed using Fiji software to quantify the number of ␤-galactosidase positive cells.
Analysis of single strand annealing
The hprtSA-GFP (69) reporter plasmid was linearized by Sac1/Kpn1, and 10g was electroporated into 1-2.5 × 10 6 MEFs (0.8 ml total volume, 780 V, 10 F) per electroporation. Following selection in puromycin (1.5 g/ml), the puro-resistant clones were pooled and expanded. For the reporter assay, 0.4 × 10 5 cells were seeded onto 24-well dishes one day prior to transfection with 0.4 g of the I-SceI expression vector (pCBASce) or the GFP expression vector (pCAGGS-GFP), along with 0.2 g of empty vector (pCAGGS-BSKX) or Nbs1 expression vector (pCAGGS-Nbs1). All plasmids were previously described (69) . Transfections were performed with 1.8 l Lipofectamine 2000 (Invitrogen) in a total or 0.6 ml volume for 20 h, and subsequently the%GFP+ cells were examined using a CyAN ADP flow cytometer (Dako). Repair frequencies were normalized to transfection by dividing the GFP frequencies from the I-SceI transfections by those of a parallel GFP transfection. Repair frequencies reflect the mean of at least six independent transfections, and the error bars are the SD. We also normalized the repair frequencies for the Nbs1 ΔB/ΔB Exo1 −/− cells percentage of cells in the S/G2 phase population, as determined by BrdU and PI staining and flow cytometry. To examine NBS1 expression, cells were extracted 2 days after transfection using NETN (20mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% IGEPAL, 1.25 mM DTT, and Roche Protease Inhibitor Mixture) using several freeze/thaw cycles. Blots of these extracts were probed with antibodies against buffer and several freeze thaw cycles, and were probed with Nbs1 (Bethyl A301-284A) and Actin (Sigma A2066) antibodies.
DNA fiber assay
2 × 10 5 MEFs were seeded per 6-cm plate and pulse-labeled with 25 M 5-chloro-2 -deoxyuridine (CldU, SigmaAldrich) followed by 250 M 5-iodo-2 -deoxyuridine (IdU, Sigma-Aldrich) with the durations indicated in the figure legends. For replication restart, cells were treated with 1 mM hydroxyurea (HU, Sigma-Aldrich) for 15 min after 20 min CldU labelling, followed by 40 min IdU labeling. Cells were harvested and resuspended in ice-cold PBS at 10 6 cells/ml. 2 l of cell suspension was dropped on the top of the microscope slide (Superfrost, Fisher Scientific), dryed for 6 min, 7 l of spreading buffer (200 mM TrisHCl pH 7.4, 50 mM EDTA, 0.5% SDS) was added to each drop, mixed by stirring with the pipette tip, followed by 2 min of incubation. Chromatin was spread by tilting the slides (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) o ) and they were air-dryed and fixed in acetic acid:methanol (1:3) for 10 min. For DNA denaturation, slides were washed 2× in H 2 O for 5 min, 1× with 2.5 M HCl, denatured with 2.5M HCl for 1 h, and rinsed two times with PBS. For immunodetection, slides were blocked for 1 h in blocking solution (PBS, 1% BSA, 0.1% Tween20) and incubated overnight at 4
• C with a mix of rat anti-BrdU monoclonal antibody (1:500 in blocking solution, AbD Serotec) that recognizes CldU, and mouse anti-BrdU monoclonal antibody (1:500 in blocking solution, Becton Dickinson) that recognizes IdU. Slides were washed three times with PBS and fixed with 4% formaldehyde for 10 min, following by three times washing with PBS and three times with blocking solution. The slides were then incubated at 37
• C for 2 h with a mix of an AlexaFluor 555-conjugated goat anti-rat IgG (1:500 in blocking solution, Life Techologies) and an AlexaFluor 488-conjugated goat anti-mouse IgG (1:500 in blocking solution, Life Techologies). Slides were washed five times with PBS, dried, and mounted with Vectashield mounting medium (Vector Laboratories). Fibers were examined with Leica TCS SPE confocal microscope using 63× objective. The lengths of CldU-labeled (red) and IdU-labeled (green) patches were measured using Fiji software, and micrometer values were converted into kilobases using the conversion factor 1 mm = 2.59 kb (70).
Total protein isolation and western blotting
Cells were lysed with TNG-150 lysis buffer containing 50 mM Tris-HCl, 150mM NaCl, 1% Tween 20, 0.5% NP-40, 1× Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich) and 1× Protease Inhibitor Cocktail (Roche). Protein concentration was quantified with DC Protein Assay Kit (Bio-Rad). 30-80 g of total protein was separated by SDS-PAGE (8-12% gels) or NuPAGE Novex Tris-Acetate SDS (3-8% gels, Life Technologies) followed by transfer to Immobilon-P PVDF membrane (Merck-Millipore). For blocking solution, 5% milk in PBST was used, membranes were incubated in primary antibody at 4
• C overnight in secondary antibody 1 h at room temperature. ECL reagent (Amersham) with X-ray film (Fujifilm) were used to detect the signal. 
siRNA-mediated knockdown of proteins
Small interfering (si)RNAs were designed using the siRNA Selection Program (Whitehead Institute for Biomedical Research) and manufactured by Invitrogen. MEFs were transfected using Lipofectamine RNAiMAX (Invitrogen) 2× within a 24-h interval. All experiments were done 48 h after the first transfection. siRNA to GFP was used as a control.
Immunofluorescence
Cells were seeded on 8-well dish with the density of 15 000 cells/well. Cells with fixed in 4% formaldehyde for 10 min in room temperature, followed by permeabilization with PBS + 0.2% Triton X-100 for 10 min at room temperature. Cells were incubated with DAPI for 1 h, mounted in Vectashield mounting media and analyzed with Leica DM6000 microscope.
Kinase inhibitor and phosphatase treatment
Cells were pretreated with DNA-PKcs (NU7441, Tocris) at 12 M and ATM inhibitors (KU55933, Sigma) at 10 M for 30 min prior to treatment. -phosphatase (NEB) was added at 1 l per 25 l lysate (8 units/ g of protein) and incubated at 30
• C for 30 min.
RESULTS
Deletion of Exo1 leads to embryonic lethality in hypomorphic Nbs1 mice
While the deletion of Nbs1 leads to early embryonic lethality, mice expressing a hypomorphic allele of Nbs1, Nbs1 ΔB , are viable, show normal longevity and are not predisposed to malignancy (67) . The Nbs1 ΔB mutation leads to the production of a truncated NBS1 protein, termed p80, that is expressed at lower levels and lacks the FHA and first BRCT domain in the N-terminus, but maintains interactions with the MRE11 and RAD50 proteins (4) . At the cellular level, the Nbs1 ΔB allele impairs DSB checkpoint signaling and confers hypersensitivity to a variety of DSB inducing agents (19, 20, 67, 71, 72) . However, unperturbed Nbs1 ΔB/ΔB mice and cells show minimal spontaneous DNA damage or cell death compared to Mre11 or ATM mutants, and mice are not prone to malignancy, making them a useful tool for probing genetic interactions with the MRE11 complex-ATM signaling axis (19, 20, 72, 73) . We therefore chose the Nbs1 ΔB allele to examine the genetic and functional relationship of the MRE11 complex with EXO1.
To determine if the loss of EXO1 modified the phenotypes of Nbs1 ΔB , we crossed Nbs1 +/ΔB Exo1 +/− double heterozygous animals to generate double mutants, as homozygosity of either allele leads to subfertility or infertility respectively (53, 67) . Despite observing the expected distribution of both single homozygous alleles, we observed no double mutant pups, suggesting embryonic lethality (Figure 1A) .
The examination of E14.5 embryos revealed that double mutant embryos appeared with the expected frequency ( Figure 1B ) but were severely runted and showed developmental defects, including runting and malformation of the cranium ( Figure 1C ). Western blotting confirmed the expected protein status of both NBS1 and EXO1 in cell cultures from the double mutant embryos ( Figure 1D ). These data indicated that EXO1 is essential for mammalian development when non-essential functions of the MRE11 complex functions are compromised.
EXO1 suppresses chromosomal instability in Nbs1 mutants
In order to better understand the genetic interaction between Exo1 deficiency and the Nbs1 ΔB allele, we generated primary mouse embryonic fibroblasts (MEFs) from E14.5 embryos. Nbs1 ΔB/ΔB Exo1 −/− cultures showed a strong growth defect compared to wild type or single mutants and displayed morphological changes indicative of premature senescence (Figure 2A and B) . Consistent with this, we found that DNA synthesis was strongly reduced in early passage Nbs1 ΔB/ΔB Exo1 −/− cell cultures ( Figure 2C ) and by passage 6, nearly 70% of the double mutant cells were senescent, compared to <7% in Nbs1 ΔB/ΔB ( Figure 2B ). To determine if increased genomic instability could explain the premature senescence phenotype of the Nbs1
cultures, we examined mitotic figures by DAPI staining and scored the frequency of anaphase bridges and micronuclei. While a basal level of both aberrations was observed in all genotypes, Nbs1 ΔB/ΔB Exo1 −/− cultures showed a nearly 3-fold increase compared to the other backgrounds ( Figure 2D ). As the high frequency of mitotic aberrations suggested that cells were entering mitosis with chromosomal damage, we next examined chromosomal aberrations in early passage metaphase preparations. While only a small increase in aberrations were identifiable in the single mutants, Nbs1 ΔB/ΔB Exo1 −/− cells displayed a high level of metaphase aberrations in the absence of exogenous damage, with a high percentage of metaphases harboring multiple aberrant figures ( Figure 2E ). In particular, chromatid breaks, indicative of replication associated DNA damage, were the most abundant lesion observed ( Figure 2F and Supplementary Figure S1 ). The impaired proliferative capacity and high levels of chromosomal instability in the double mutant cells indicated that EXO1 suppressed replication associated damage and/or promoted efficient repair or checkpoint responses in the hypomorphic Nbs1 ΔB/ΔB background. As the strong growth defect of Nbs1
ΔB/ΔB
Exo1
−/− cells made further expansion for functional analysis difficult, we transformed single and double mutant cells by the transfection of an origin-less SV40 genome (68) . Transformed Nbs1 ΔB/ΔB Exo1 −/− cells continued to exhibit increased levels of spontaneous chromosomal aberrations, albeit to a lesser extent than in primary cell cultures, and grew more slowly than single mutants ( Figure 2G and Supplementary Figure S2 ).
EXO1 is required for ATM/ATR-dependent checkpoint signaling in NBS1 mutant cells
In response to IR, the MRE11 complex is required for efficient G2/M checkpoint initiation through the activation of the ATM kinase (17, 18) and subsequent activation of ATR and CHK1 kinases, that are influenced by the activities of both the MRE11 complex and EXO1 (23, 34, 74) . To determine if the loss of EXO1 itself affected the G2/M checkpoint response, or modified the defect in Nbs1 mutants, we examined checkpoint induction following IR treatment. As previously reported, we observed a mild defect in Nbs1 ΔB/ΔB mutants compared to the severe defect of Atm −/− cells (71), while EXO1 loss alone did not detectably affect checkpoint induction ( Figure 3A) . However, we observed that the checkpoint defect of Nbs1 ΔB/ΔB mutants was strongly enhanced by the loss of EXO1 in both primary and transformed Nbs1 ΔB/ΔB Exo1 −/− cell cultures ( Figure 3A and B) . This indicated that while EXO1 status had no detectable influence on checkpoint activation in the presence of functional MRE11 complex, it was required for ΔB/ΔB , we examined the signaling events elicited by IR, 1 h following IR exposure when checkpoint activity is maximal. IR rapidly induces ATM autophosphorylation, which can be detected with phosphospecific antibodies against S1987, as well as the increased mobility of both CHK2 and CtIP. As reported previously, increased mobility of both the CHK2 and CtIP proteins was dependent on phosphorylation, as the addition ofphosphatase to extracts reduced their mobility to that of untreated cells, and their increased mobility was abolished in cells lacking ATM or treated with an ATM inhibitor (Figure 3C and D) (75, 76) . In cells expressing the Nbs1 ΔB/ΔB allele, CHK2 phosphorylation was also sensitive to treatment with a DNA-PKcs inhibitor, indicating that DNAPKcs may promote CHK2 phosphorylation in an ATM dependent manner in this background or that this inhibitor has some off-target effects ( Figure 3D ).
We found that neither the loss of EXO1 nor the Nbs1 ΔB mutation alone affected ATM activation, as evidenced by levels of S1987 phosphorylation similar to that of wild type cells ( Figure 3E ). However, in Nbs1 ΔB/ΔB Exo1 −/− cultures, ATM activation was markedly reduced ( Figure 3E ). We therefore examined the hyperphosphorylation of the ATM targets CHK2 and CtIP, both of which have been characterized as dependent on NBS1 as a mediator for their phosphorylation (21, 22, 76) . The hyperphosphorylation of CHK2 was unaffected by EXO1 loss and impaired to a similar extent in both Nbs1 ΔB/ΔB and Nbs1 ΔB/ΔB Exo1 −/− cell cultures ( Figure 3E , bottom panel and Supplementary Figure S3) . Surprisingly, CtIP hyperphosphorylation occurred similarly in any of the single or compound mutations tested, indicating that this could occur in the absence of the NBS1 FHA and BRCT domains, that are deleted in the Nbs1 ΔB allele, and full activation of ATM, which is consistent with the proposed role for cyclin-dependent kinases (CDKs) in priming CtIP hyperphosphorylation ( Figure 3E ) (76) . These results suggest that in contrast to CHK2, CtIP hyperphosphorylation by ATM is unaffected by the Nbs1 ΔB mutation or EXO1 status. In either case however, the absence of EXO1 did not influence their ATM-dependent phosphorylation, regardless of NBS1 status.
As both the MRE11 complex and EXO1 have been implicated in DNA replication and the control of DNA resection, we next examined signaling following exposure to CPT, a topoisomerase I inhibitor that generates DNA damage primarily during S-phase and results in more extensive resection than IR (62, 77) . CPT treatment led to rapid ATM and ATR activation, the latter assayed indirectly by the S345 phosphorylation of its target, CHK1 (26) . Comparable levels of ATM and CHK1 activation were observed in wild type and Nbs1 ΔB/ΔB or Exo1 −/− single mutant cultures while both phosphorylation events were reduced in Nbs1 ΔB/ΔB Exo1 −/− cultures ( Figure 3F ). In contrast, the phosphorylation of RPA was primarily dependent on NBS1 status as it was reduced to a similar extent in Nbs1
ΔB/ΔB
and Nbs1 ΔB/ΔB Exo1 −/− cells and only mildly decreased in Exo1 −/− cultures ( Figure 3G ). These data indicated that in response to both IR and CPT, EXO1 was essential for efficient ATM activation when MRE11 complex functions were compromised. However, EXO1 loss does not further impair the phosphorylation of some targets that require the MRE11 complex as a mediator, such as CHK2 or RPA, the latter proposed to be a marker of global resection levels (11, 62) .
EXO1 influences DNA repair and DNA replication in Nbs1 mutants
The analysis of signaling defects in Nbs1 ΔB/ΔB Exo1 −/− cultures suggested that ATM and ATR pathways were further impaired in Nbs1 ΔB/ΔB cells by the loss of EXO1 but did not provide a clear indication as to whether this was due to an effect on DNA resection. To address this further, we examined resection dependent DNA repair using an integrated reporter for single strand annealing (SSA), a sub-pathway of homologous recombination that requires extensive resection. For this, we used the SA-GFP reporter that contains two homologous fragments of a GFP expression cassette separated by a marker gene (puromycin), with a recognition site for the I-SceI endonuclease within the 3 fragment ( Figure 4A ). SSA repair of the I-SceI-induced DSB that uses 0.28 kb homologous repeats in the GFP fragments to bridge the DSB restores GFP expression and causes a 2.7 kb deletion between the repeats (69). Accordingly, this event requires at least 2.7 kb of end resection to reveal the homology used during repair.
We integrated this reporter into single and double mutant MEFs, expressed I-SceI and determined the frequency of GFP positive cells, normalized to parallel transfections with a GFP expression vector. For the Nbs1 ΔB/ΔB cells, we also performed a parallel co-transfection of I-SceI with an NBS1 expression vector ( Figure 4B ). Since we found that the Nbs1 ΔB/ΔB Exo1 −/− cells showed a reduced percentage of cells in S/G2 (mean 58% compared to a mean of 71-73% in the other genotypes), we normalized the SSA values to reflect this change in cell cycle profile (Supplementary Figure S4 ). In these experiments, no reduction of SSA was observed in Exo1 −/− cultures compared to wild type controls ( Figure 4C ). However, Nbs1 ΔB/ΔB and Nbs1
ΔB/ΔB
Exo1 −/− cultures showed a significant reduction in SSA, compared to wild type (2.3-fold and 4.5-fold, respectively, p<0.0001). Notably, SSA was lower in Nbs1 ΔB/ΔB Exo1
than Nbs1 ΔB/ΔB cells (1.9-fold, P < 0.0001), although transient Nbs1 expression led to a similar increase in SSA in both genotypes (2.2-fold) ( Figure 4C ). These findings indicate that, in contrast to what has been observed in yeast, EXO1 is not required for SSA in NBS1 proficient mammalian cells (33) . However, in Nbs1 ΔB/ΔB mutants, EXO1 appears to function in promoting an HR event that requires extensive resection. Although we cannot strictly rule out that reduced growth and increased spontaneous DNA damage of Nbs1 ΔB/ΔB Exo1 −/− cells also plays an indirect role in suppressing efficient SSA.
Homologous recombination is an important mechanism for the restart or bypass of stalled replication forks (78) . To determine if the defect we observed in SSA assays was potentially indicative of problems with other end-resection dependent processes that may impact replication fork pro- gression or fork restart, we first examined replication fork progression using dual labeling with the BrdU analogs IdU and CldU and chromatin fiber spreads. The measurement of replication fork tract length was unaffected by the analog used and the mean tract length was similar in wild type or either single mutant ( Figure 4D ). However, mean replication tract length and replication fork speed showed a pronounced reduction in Nbs1 ΔB/ΔB Exo1 −/− cultures ( Figure 4D and E). This is consistent with EXO1 being largely dispensable for normal replication fork progression but playing a crucial role in maintaining fork speed when MRE11 complex functions are compromised, potentially through the modulation of resection-dependent repair pathways and/or the resolution of aberrant replication intermediates.
We also considered that this could represent a role for EXO1 in replication fork restart that was similar or redundant to that described for the MRE11 complex (79) . To address this, we examined the ability of stalled replication forks to restart in the single and double mutant cultures by first pulsing with CldU and then arresting forks with hydroxyurea (HU) for 15 min. We then washed out the HU and pulsed with Idu for 40 min and compared the replication tract length ratio to assess the relative speed of fork restart. We found that while fork restart was comparable to wild type in Nbs1 ΔB/ΔB cultures, the loss of EXO1 in either background led to a more rapid restart of forks, evidenced by a higher average tract length ratio ( Figure 4F ). This suggested that despite MRE11 complex status, EXO1 normally restrains the restart of stalled forks, independently of its influence on DSB resection or the overall speed of replication forks prior to stalling.
Differential effects of EXO1 loss on the damage sensitivity of Nbs1 mutants
As EXO1 loss exacerbated the G2/M checkpoint and SSA defects of Nbs1 ΔB/ΔB cultures and led to impaired DNA replication fork progression, we considered that EXO1 status may strongly influence the level and spectrum of DNA damage sensitivity in Nbs1 ΔB/ΔB cells. To address this, we examined the sensitivity of MEF cultures of each genotype to IR, UVC, cisplatin, the poly-ADP ribose polymerase (PARP) inhibitor Olaparib and both low and high doses of CPT that generate different spectrums of DNA lesions, the latter treatment inducing much higher levels of DSBs (Figure 5A -F and Supplementary Figure S5) (80) . In response to IR, Nbs1 ΔB/ΔB Exo1 −/− cells were more sensitive than Nbs1 ΔB/ΔB and this was even more apparent following cisplatin treatment ( Figure 5A and B) . In contrast, sensitivity to UVC was influenced only by EXO1 status, while sensitivity to the PARP inhibitor Olaparib, that is considered a diagnostic for homologous recombination deficiency, was only dependent on the Nbs1 ΔB allele ( Figure 5C and D) (81) (82) (83) (84) . Nbs1 ΔB/ΔB mutants were highly sensitive to both low and high doses of CPT but surprisingly, we found that, particularly with low dose CPT treatment, EXO1 loss notably improved the survival of both wild type and Nbs1 ΔB/ΔB cultures ( Figure 5E and F) . These results suggested that while EXO1 enhanced the survival of Nbs1
ΔB/ΔB cells after IR or cisplatin treatments, it promoted toxicity in Nbs1 ΔB/ΔB and to a lesser extent, wild type cells, following CPT treatment.
EXO1 promotes sensitivity to low dose camptothecin
We next more carefully examined the effects of low dose CPT on DNA replication in the different genetic backgrounds. The length of CldU and IdU labeled tracts was similar to untreated cells immediately following low dose (80 nM) CPT treatment, indicating that there were not global changes in replication fork speed or detectable fork stalling upon CPT treatment in any of the genotypes at early times ( Figure 6A ). Attempts to measure replication tracts at later time points failed due to aggregation of chromatin fibers, potentially a result of covalent protein attachments or torsional issues (Supplementary Figure S6) . Instead we interrogated DNA synthesis using BrdU pulse labeling 5 and 24 h following CPT addition ( Figure 6B ). Similar to the fork progression results immediately following CPT addition ( Figure 6A ), we did not observe an appreciable reduction in BrdU incorporation 5 hours following CPT addition indicating that there was not a global change in the number of cells entering S-phase and incorporating BrdU. However, by 24 h after CPT addition, BrdU incorporation was reduced in all genotypes. The highly sensitive Nbs1 ΔB/ΔB cultures were the most severely affected, showing nearly an 80% reduction in DNA synthesis compared to around 40% in the other genotypes ( Figure 6B ). The analysis of cell cycle progression by PI staining at various times following low dose CPT treatment showed that DNA fragmentation (sub G1) was increased in the Nbs1 ΔB/ΔB cultures and reduced in Nbs1 ΔB/ΔB Exo1 −/− to levels comparable to that of wild type or Exo1 −/− ( Figure 6C ). This did not directly correlate with the levels of metaphase aberrations, as we found that there were higher numbers of chromosomal aberrations induced by CPT in Nbs1 ΔB/ΔB Exo1 −/− cultures relative to the other genotypes ( Figure 6D ). Compared to wild type, a mild increase in aberrations was observed in Exo1 −/− cultures and a stronger increase was seen in Nbs1 ΔB/ΔB cultures but notably, chromosome fusions, that are likely to be a result of non-homologous end-joining mediated repair, were not observed in the Nbs1 ΔB/ΔB mutants and elevated in cells lacking EXO1 ( Figure 6D ).
Structural studies using electron microscopy (EM) have demonstrated that low dose CPT treatment produces fewer DNA breaks than acute treatment with high doses and promotes replication fork reversal (80) . Fork reversal leads to the formation of a four stranded 'chicken foot' structure that can be targeted for resolution by structure specific nucleases such as MUS81 or GEN1 (85) . As the influence of EXO1 was most apparent following treatment with low dose CPT, we analyzed survival following transient depletion of MUS81 that has been implicated in the processing of lesions generated by replication stress and influences cell death in number of contexts (86) (87) (88) . Transient depletion of MUS81 enhanced the survival of wild type cells to a similar level as Exo1 deficiency ( Figure 6E and Supplementary Figure S7 ). Similarly, survival of MUS81 depleted Nbs1 ΔB/ΔB cultures was rescued to a level similar to that of control siRNA treated Nbs1 ΔB/ΔB Exo1 −/− cultures ( Figure  6E ). In contrast, MUS81 depletion had a relatively modest effect on the survival of Nbs1 ΔB/ΔB Exo1 −/− cultures and caused almost no difference in the survival of Exo1 −/− cells following low dose CPT treatment ( Figure 6E and F) . Collectively these results suggest that the processing of CPT lesions by EXO1 generates toxic intermediates and promotes cell death. This is in part appears to be due to the action of MUS81, as its depletion improves cellular survival to low dose CPT and this is more pronounced in cells that express EXO1 ( Figure 6F ).
DISCUSSION
We have sought to define the influence of EXO1 on the DDR to DSBs both on its own, as well as in cells with compromised MRE11 complex function. Consistent with some previous work in EXO1 deficient or siRNA depleted cells, we observe a mild increase in chromosomal instability and a minor reduction in RPA phosphorylation, but despite this, signaling responses and sensitivity to break inducing agents, such as IR or cisplatin, are comparable to wild type in cells lacking EXO1 (55) . The lack of strong DSB induced phenotypes in EXO1 deficient cells likely reflects the ability of the MRE11 complex to promote the recruitment of additional factors, including DNA2, BLM and WRN, as has been reported in other systems ( Figure 7A) (23, 30, 33, 34, (36) (37) (38) (39) .
We speculate that the diverse genetic backgrounds of the cancer cell lines used in previous studies, or differential offtarget effects, may account for the widely variable responses observed following EXO1 depletion by siRNA (60) (61) (62) (63) (64) (65) (66) .
In contrast to the results in EXO1 null cells, we observed a strong dependency on EXO1 for the activation of ATM/ATR signaling, G2/M checkpoint induction and SSA in the hypomorphic Nbs1 ΔB/ΔB background. The precise influence of the hypomorphic Nbs1 ΔB allele on DSB that initiates bidirectional resection through its nuclease activity. MRN promotes the exonuclease activity of both EXO1 and DNA2 that generate ssDNA that is bound by RPA. These RPA bound strands then promote the activation of ATR and CHK1 to promote checkpoint responses and homologous recombination. In cells expressing the NBS1 B protein, the ability of MRN to promote EXO1 and DNA2 mediated resection is reduced and RPA phosphorylation is impaired. Resection becomes dependent on EXO1 and it may be recruited via PCNA or the 9-1-1 complex to promote ATR/CHK1 activation and suppress more severe checkpoint signaling and repair defects. (B) Stalled replication forks are recognized by both MRN and EXO1 and excessive resection is suppressed by feedback from ATR and CHK1. In cells expressing the NBS1 B protein, EXO1 activity is increased, due to reduced negative feedback from ATR/CHK1, and it is able to compensate for defective MRN, thus suppressing more severe replication defects. (C) On forks that have stalled or regressed due to CPT, the combined actions of MRN and ATR/CHK1 may suppress the generation of intermediates by EXO1 that could be rendered cytotoxic by the actions of additional nucleases, such as MUS81.
responses has not been fully elucidated but the p80 protein that is produced, lacks the FHA and BRCT domains and is unstable, leading to a reduction in the amount and proper subcellular localization of MRE11 complex (4, 67) . Our previous data, as well as additional data presented here, suggests that the Nbs1 ΔB mutation does not strongly impair DSB end capture and ATM activation, but does compromise resection efficiency, as indicated by reduced S4/8-phosphorylation of RPA and lower SSA efficiency ( Figures  3G and 4C) (19) . This is consistent with the possibility that EXO1 is less dependent on the FHA and BRCT domains of NBS1 (deleted in the NBS1 B /p80 protein) than complementary resection factors. The affinity of EXO1 for DNA ends is promoted by the MRE11 complex (64, 89) , but its resection activity and rapid damage recruitment is also potentiated by PCNA and the structurally related 9-1-1 complex, potentially providing numerous alternative recruitment options (40, 42, 90) . In addition, our data suggests that EXO1 acts rapidly in Nbs1 ΔB/ΔB cells, promoting the full activation of ATM ( Figure 3E and F) . We believe that limited EXO1 activity on gaps or replication structures may promote full ATM activation by enhancing positive feedback signaling following initial break detection, while more extensive resection is needed to promote the accumulation of ssDNA and RPA recruitment needed for optimal ATR-CHK1 signaling. This could potentially be due to enhanced RAD17 recruitment, as RAD17 has been shown to promote ATM activation via positive feedback at an early step, and would be expected to be reduced in the Nbs1 ΔB/ΔB cells as interactions with the N-terminal domains, deleted in NBS1 B , have been implicated in its interaction with ATM (91) .
Yeast that are doubly deficient for Mre11 complex members and Exo1 have a severe synthetic growth defect and Exo1 overexpression suppresses the sensitivity of mre11 null mutants to MMS, suggesting that MRE11 complex functions that are essential for cellular viability and damage repair can be carried out by Exo1 (57, 92) . The same severe genetic interactions are not observed between the MRE11 complex and other key MMR proteins such as MSH2 and MSH6, suggesting that the genetic interaction is likely to be independent of EXO1's role in MMR (59) . While Nbs1 ΔB/ΔB mice have a mild developmental phenotype, the severe phenotypes of Nbs1 ΔB/ΔB Exo1 −/− embryos and cell cultures, including growth defects, chromosomal instability and premature senescence, suggest that a similar relationship exists in mammals. As the MRE11 complex facilitates normal DNA synthesis and Nbs1 ΔB/ΔB Exo1 −/− cultures exhibit severe growth defects, chromosomal instability and reduced replication fork velocity, it is likely that EXO1 is required to process aberrant replication structures generated during DNA replication in the Nbs1 ΔB/ΔB back-ground ( Figure 7B ). EXO1 has been shown to be negatively regulated both by interactions with CtIP and by ATR checkpoint responses and its activity may therefore be increased in the checkpoint defective Nbs1 ΔB/ΔB background (64, 93) . This could reflect a role for EXO1 in MRE11 complex dependent DSB resection pathways, but it is also likely to extend to the processing of more complex replication structures that could arise in the context of physiological stress, such as reactive oxygen, during organismal development. This would be consistent with the observation that DSB sensitivity is only mildly enhanced by loss of EXO1 in Nbs1 ΔB/ΔB , while the sensitivity to crosslinking agents, that typically generate more complex lesions in S-phase cells, is much higher in double mutants ( Figure 5A and B) .
Given the requirement of EXO1 for chromosome stability, DNA replication and break sensitivity in Nbs1 ΔB/ΔB cultures, the fact that EXO1 deficiency promotes enhanced survival of these cells after treatment with low dose camptothecin was surprising. In contrast to what has been observed in human cancer cells, we are not able to detect global replication fork slowing or arrest at the doses used in these experiments (80) . Thus directly monitoring fork stability and restart was not technically possible. By extrapolation from experiments with HU treatment, we believe that EXO1's negative influence on fork restart is consistent with a role in processing stalled forks and that this processing could lead to the generation of toxic intermediates directly or indirectly through additional nucleases such as MUS81 ( Figure 7C ). It is also noteworthy that we did not see fork restart defects in Nbs1 ΔB/ΔB cultures, indicating that this mutation does not impair functions of the MRE11 complex required for restart, at least following HU treatment. We propose that EXO1 activity acts on replication fork structures induced by CPT, with regressed forks being a likely candidate. In normal cells, checkpoint arrest allows the repair of these lesions while the intra-S and G2/M defects of Nbs1 ΔB/ΔB cells allow aberrant processing and their degradation or progression into mitosis. This may involve a number of nucleases that would normally be restrained by CDK inhibition but appears to be highly dependent on EXO1, as Nbs1 ΔB/ΔB Exo1 −/− cultures showed a level of sensitivity near that of wild type.
The structure specific nuclease MUS81 has been shown to influence DNA damage sensitivity in checkpoint defective backgrounds and its depletion improved the sensitivity of all of the cell lines tested. However, despite similar levels of MUS81 knockdown, the effects on survival were more apparent in EXO1 proficient cells, indicating that EXO1 promotes the generation of at least some MUS81 substrates that result in the high toxicity of Nbs1 ΔB/ΔB cells following low dose CPT treatment (Figures 5 and 6 ). The fact that the influence of EXO1 was much less apparent on the survival of Nbs1
ΔB/ΔB cells at high dose CPT supports the likelihood that this is mainly independent of canonical DSB resection.
Collectively, our results demonstrate a robust genetic and functional relationship between EXO1 and the MRE11 complex in mammals and reveal EXO1 as an important modulator of S-phase progression and DNA damage sensitivity in an MRE11 complex hypomorphic background that shows otherwise relatively mild phenotypes in the absence of exogenous damage. As hypomorphic mutations of MRE11 complex members underlie several severe chromosomal instability disorders, this suggests that EXO1 may play a key role in suppressing the severity of the pathological outcomes associated with NBS and ATLD mutations and could genetically interact with less severe alleles of MRE11 complex members in multigenic hereditary disorders. In addition, as both EXO1 and members of the MRE11 complex are mutated in human malignancies, their relative status may be an important consideration regarding the efficacy of chemotherapeutic protocols involving DNA damaging agents.
